In 2004, an outbreak of Rhizoctonia aerial blight on soybeans planted after rice in paddy fields in Hiroshima Prefecture, Japan was also associated with delayed leaf senescence (DLS, or green stem/ bean syndrome). The isolated Rhizoctonia solani was characterized as anastomosis group AG-1 IA, identical to that of the R. solani causing rice sheath blight. The relationship between aerial blight and soybean DLS, which are also problems in Japan, was examined through field inoculation testing of the rice sheath blight pathogen on soybean plants. In some plots, fungicides (azoxystrobin, flutolanil or validamycin A) were sprayed on the soybean foliage after inoculation, and some plots received frequent overhead irrigation to promote disease. There was a high incidence of the disease and DLS in the inoculated and frequently irrigated plots without the application of fungicide. Without fungicides, the yield from diseased soybeans was 12-35% lower than that in noninoculated control plots. The fungicide sprays described above were effective in controlling DLS and yield loss from the disease. We thus clearly showed that Rhizoctonia aerial blight of soybean caused by the rice sheath blight pathogen is at least one of the causes of soybean DLS. Frequent rainfall is likely to promote the disease and resulting DLS.
Introduction
In Japan, paddy fields are the main production sites for soybeans, and soybeans are often rotated with rice (the staple food of the Japanese people), wheat, or barley. In 2004, there was a severe outbreak of unfamiliar disease with foliar blight on rotational soybeans (cultivars Sachiyutaka and Akishirome) in paddy fields located in Hiroshima Prefecture, Japan (with about 88 ha being damaged). From mid-August to September, the leaves of the middle to lower parts of the soybean plants became rotten ( Fig. 1 a, b) while the upper leaves remained healthy, with the disease developing inside the canopy. Web-like mycelia were seen on wet plant parts ( Fig. 1 b, c) , and pods were also rotten in plants with severe symptoms (Fig. 1 d) . Later during the harvest season in late October, the soybeans exhibited symptoms of delayed leaf senescence (DLS) (Fig. 1 h) . Abundant sclerotia brown in color and 1-3mm in diameter ( Fig. 1 e, f, g) were seen on the stems, petioles, and pods of the plants with DLS. These features of disease development were similar to those of previously reported Rhizoctonia aerial blight of soybean caused by Rhizoctonia solani in Japan (Tsuzaki et al. 1995) .
DLS (also called delayed stem senescence, green stem/ bean syndrome, or green stem disorder) of soybeans has been a serious problem in Japan. Soybean plants with DLS show delayed maturation and stay green even at harvest time, hindering timely harvesting and often causing stains from the green sap on soybean seeds after threshing. The cause of DLS is not well understood, although some studies indicate a difference in the severity of DLS among soybean cultivars, and some factors such as decrease of pods are associated with DLS (Crafts-Brandner et al. 1984 , Matsumoto et al. 1986 , Isobe et a1. 2014, Fujii et al. 2015) .
In this case of Hiroshima, all fields with the disease had produced rice before soybeans. Rhizoctonia aerial blight (or Rhizoctonia foliar blight, web blight) of soybean (Atkins Jr. & Lewis 1954 , Wu & Lin 1967 caused by Rhizoctonia solani Kühn is sometimes a serious problem in Japan (Kurata 1960 , Naito & Kanematsu 1994 , Tsuzaki et al. 1995 , Arai et al. 2000 , and there have been suggestions that the pathogen of the disease may be identical to the pathogen of rice sheath blight ( Fig. 2 a, d ), Rhizoctonia solani anastomosis group AG-1 IA (Tsuzaki et al. 1995 , Arai et al. 2000 . Thus, in order to clarify the cause of the disease in Hiroshima, and investigate the relationship between the disease and soybean DLS, we conducted potand field-inoculation tests. Parts of this report were presented at meetings of the Phytopathological Society of Japan (Takehara et al. 2005 (Takehara et al. , 2006 Ochi et al. 2005 ).
Materials and methods

Fungal isolates
Fungal isolates were obtained from sclerotia on diseased soybean plants as follows: Sclerotia on stems or pods were surface-disinfected in 70% ethanol, washed in sterile distilled water, placed on water agar medium containing 250 mg chloramphenicol per liter or on acidified water agar medium containing 50 mg of streptomycin sulfate per liter, and then incubated for 3-5 days at 25°C, before hyphal tip transfer to PSA (potato sucrose agar) slants. Some sclerotia were placed on the isolation medium without surface disinfection. Dr. Jun Isota of the Shimane Agricultural Technology Center in Japan contributed strains of rice sheath blight pathogens RA98-01, RA02-06, and RA02-13.
Pathogenicity test of isolates and cross inoculation on soybean and rice
The pathogenicity of fungal isolates on soybeans was checked by excising mycelial blocks of isolates grown on PSA plates, and then attaching the blocks with adhesive tape to the leaves of soybean plants (cv. Sachiyutaka and Akishirome) 21-34 days after seeding in commercial nursery soil. Two plants were used per isolate. Inoculated plants were covered with a transparent plastic bag to maintain humidity and then incubated in a growth chamber at 28°C (12 h light, 12 h dark). Leaves with lesions were used to reisolate the fungus. Strains of the rice sheath blight pathogen were also tested for pathogenicity in the same way.
The pathogenicity of the isolates was checked on rice (cv. Hinohikari) by inserting a mycelial plug between a rice leaf sheath and culm above water 61 days after seeding in commercial nursery soil in Wagner pots. Three plants were inoculated per pot, with three pots being used per isolate. Plants in a pot were then covered with a transparent plastic bag to maintain humidity and held in a glass house at 16-32°C. The temperature around the shaded rice plants was 20-28°C. Table 1 lists the isolates (Rhizoctonia solani) that were selected for further testing after the pathogenicity tests.
Characterization of isolates (1) Number of nuclei
For identifying the Rhizoctonia isolates, hyphal cells were stained with acridine orange (5 μg of acridine orange in 50 mL of distilled water) for 1 min to count the number of nuclei. Stained hyphae were washed well with distilled water, and nuclei in at least 10 cells per isolate were counted using fluorescence microscopy. The dyed mycelial tips were observed using a BX-50 microscope (Olympus, Tokyo, Japan) and a reflected light fluorescence attachment: BX-FLA (Olympus, Tokyo, Japan) equipped with the WBV filter set (Exciter filter: BP400-440, Barrier filter: BA475).
(2) Colony morphology Rhizoctonia solani is subdivided into anastomosis groups (AGs) based on the presence and type of hyphal fusion among isolates (Ogoshi 1976 (Ogoshi , 1987 . Because colony morphology (Watanabe & Matsuda 1966 Naito & Kanematsu (1994) reported that AG-2-3 was isolated from foliar blight lesions of soybean in Japan, AG-2-3 isolate was included in the hyphal fusion test (Table 2 ), but AG-1 ID, AG-1 IE, and AG-1 IF, which are not reported in Japan, were excluded. The two isolates in the test were placed 3 cm apart on a water agar plate (Fig. 2  f) and incubated for several days. Sites where hyphae from different isolates crossed were examined with a light microscope for hyphal fusion (anastomosis) (Fig. 2 g ) according to Carling et al. (1988) . (4) Inter simple sequence repeat PCR (ISSR-PCR)
ISSR-PCR is useful for analyzing genetic variation among the subgroups of R. solani AG-2 (Kiyoshi et al. 2005) . To distinguish among AG-1 IA, IB, and IC, we used ISSR-PCR, basically according to the method prescribed by K i y o s h i e t a l . ( 2 0 0 5 ) w i t h p r i m e r C G A (5ʹ-CGACGACGACGACGA-3ʹ), which stably amplified DNA fragments and showed polymorphism among AG-1 subgroups in our preliminary test. Table 2 lists the isolates used for ISSR-PCR. The PCR reaction mixtures contained 5 U of Taq DNA polymerase (Takara Bio Inc., Otsu, Japan), 50 mM KCl, 10 mM Tris-HCl (pH 8.4), 1.5 mM MgCl 2 , dNTP mixture (250 μM each), 0.4 μM primer, and 75 ng of template DNA. The final volume was adjusted to 50 μl with sterile water. The reaction mixtures were initially denatured in the thermal cycler at 94°C for 2 min, then processed by 30 cycles of denaturation at 94°C for 40 s, with annealing at 61°C for 1 min and extension at 72°C for 1 min. Final elongation was achieved at 72°C for 5 min. Amplified fragments were separated by electrophoresis on 1.5% agarose gels and visualized by ethidium bromide staining.
Field inoculation test to reproduce disease and DLS
Soybeans (cv. Sachiyutaka) were sown in an experimental field at the Western Region Agricultural Research Center in Fukuyama, Japan on 14 July. Each plot was 12 m 2 (3 × 4 m) in size and each treatment consisted of three replications of the plots. Soybean seeds were sown by hand (two seeds per hole) at inter-row spacing of 70 cm and intrarow spacing of 20 cm. Seedlings were thinned on 31 July to produce one seedling per stand.
After flowering, the plants were inoculated with isolate RA98-01 on 23 August, by scattering inoculum cultured on a mixture of wheat bran, rice chaff, and rice straw (Fig. 3 a, b) over the top of the plants (310 g/plot) . Six days later, chemical fungicides (azoxystrobin, flutolanil or validamycin A) were sprayed on soybean foliage at the makerrecommended standard concentration and quantity. These fungicides were used due to being registered for rice against sheath blight and for soybeans against diseases other than aerial blight. In some plots, overhead irrigation was frequently applied (about 24 mm, 3-5 days per week) from the day of inoculation until early October to promote disease development (Fig. 3 c) . Each plant was rated for disease severity in September using an index from 0 to 4 (0: no symptoms; 1: some leaf lesions; 2: some dropped leaves; 3: some rotted pods; 4: most pods rotten). At harvest in late October, each plant was rated for DLS severity using an index from 0 to 4 (0: brown to pale brown stem (normal 
Results
Pathogenicity test of isolates and cross inoculation on soybean and rice
Of 119 fungal isolates obtained from sclerotia, 14 isolates of diverse morphology were selected and used for inoculation tests. Of these 14 isolates, nine were pathogenic on soybean leaves, causing distinct, brown, wet or dry lesions. The nine pathogenic isolates all had similar colony morphology and hyphae characteristic of Rhizoctonia sp. The other five isolates did not cause any symptoms and were not Rhizoctonia sp. Six of the pathogenic isolates from soybean, as well as the rice sheath blight pathogen contributed from Shimane Prefecture, were used in further testing (Table 1) . Rice plants inoculated with the Rhizoctonia isolates developed typical sheath blight symptoms two days after inoculation and later (Fig. 2 d, e) . On inoculated soybeans and rice plants, aerial mycelia of Rhizoctonia were visible during disease development, and eventually sclerotia formed on both hosts. The same Rhizoctonia was reisolated from the lesions of inoculated leaves, thus fulfilling Koch's postulates. Little difference in virulence was detected among the isolates regardless of the collection site, and no difference in susceptibility was observed between the inoculated soybean cultivars (Sachiyutaka and Akishirome).
Characterization of isolates (1) Number of nuclei
Many cells of the sample isolates had more than three nuclei. The hyphae of these isolates had dolipore septa and no clamp connections. Under the criteria established by Domsch et al. (1993) , the isolates belonged to Rhizoctonia solani.
(2) Colony morphology
The colony color of the isolates was initially white, then turned brownish-red, and the isolates formed abundant blackish brown sclerotia 1-3 mm in diameter (Fig. 2 b, c) . Because these isolates grew at 35°C, we assumed these sample isolates belong to R. solani cultural type IA (Watanabe & Matsuda 1966) . (3) Hyphal fusion test Imperfect fusion was often observed between the sample isolates and the AG-1 subgroup testers (Fig. 2 g) . However, the sample isolates had no reaction with isolates of AG-2-3. Therefore, these isolates were assumed to belong to AG-1. (4) Inter simple sequence repeat PCR (ISSR-PCR) Each of the band patterns from ISSR-PCR for AG-1 IA, IB, and IC was characteristic (Fig. 4) . The band pattern of the sample isolates resembled that of AG-1 IA.
From the results of the ISSR-PCR bands, hyphal fusion test, and colony morphology, these isolates were thought to belong to R. solani AG-1 IA.
Field inoculation test to reproduce disease and DLS
In inoculated plots, the same disease symptoms as seen in farmers' fields were reproduced. Leaf spots appeared within five days of inoculation, and the blight symptom gradually expanded to other leaves, causing defoliation. In severely affected plants, web-like mycelia and the abortion of pods were also observed. However, symptoms were limited to inside the canopy. The upper leaves remained relatively healthy, probably due to faster drying after overhead irrigation, making detection of the disease difficult. Even after inoculation, any occurrence of disease was marginal in non-irrigated plots, indicating the importance of rainfall for the disease to expand.
In inoculated and frequently irrigated plots without the application of fungicide, the incidence of disease and DLS was high; an average of 44% of the plants had severe DLS at harvest (Figs. 5, 6 ). When the aerial blight disease index exceeded 3 in late September, pod abortion was extensive and led to fewer pods at harvest and more severe DLS (Figs.  7, 8) . Without the application of fungicide, the yield of the diseased soybean plants was 12-35% lower than that in the noninoculated plots. Spraying with any fungicide during the pod-elongation period was effective in controlling DLS and yield loss. A similar result was obtained in a previous field inoculation test using the R. solani isolate GF1 from soybean, where the disease and DLS were well controlled by applying fungicide (data not shown).
From these results, Rhizoctonia aerial blight of soybean clearly led to delayed leaf senescence. Frequent rainfall (overhead irrigation) promoted disease development and the resulting DLS. 
Discussion
Delayed leaf senescence (DLS) of soybean is a serious problem in many areas of the world, including Japan. Although the mechanism underlying DLS is not fully understood, some studies have indicated that removing soybean flowers or pods can delay senescence (Crafts-Brandner, et al. 1984 , 1987 . Stinkbugs have also been shown to contribute to DLS, perhaps by reducing the number of healthy pods (Boethel et al. 2000) . These studies indicate that DLS results from an imbalance in nutrient acquisition between the source (leaves and roots) and sink (pods). In our study, in inoculated and frequently irrigated plots without the application of fungicide, the incidence of disease and DLS was high, and the number of pods was lower than that in healthy plants. Therefore, the decrease in pods caused by aerial blight disease may have led to DLS. From our observation, when the aerial blight disease index exceeds 3, pod abortion was extensive and led to more severe DLS. Thus, our study showed that Rhizoctonia aerial blight is at least one of the causes of soybean DLS. We also showed that agrochemicals already registered for soybeans, although against other diseases, hold promise for controlling aerial blight and the resulting DLS. The registration of those chemicals for the disease in Japan is thus highly desirable. Regarding the relationship between the pathogens that cause rice sheath blight and Rhizoctonia aerial blight of soybean, a very early study by Yokogi (1927) in Japan had already suggested that the two pathogens are identical (at that time, Hypochnus sasakii Shirai). Later studies (Wu & Lin 1967 , Tsuzaki et al. 1995 , Arai et al. 2000 ) also suggested that the same population of Rhizoctonia solani AG-1 IA could possibly cause both diseases. However, given the difficulty in distinguishing the AG-1 subgroups and the lack of phylogenetic evidence, the identity at the anastomosis subgroup level and its ecological importance have yet to be clarified. In the present study, we verified the identity of the pathogen at the subgroup level by using a molecular method-ISSR-PCR.
In Japan, soybeans have been cultivated with rice in close proximity (often in the same paddy field) since ancient times. Thus, the identity of both pathogens as subgroup AG-1 IA of Rhizoctonia solani is not very surprising. Although information on the incidence of rice sheath blight in the same field in the previous year (2003) is lacking, the occurrence of rice sheath blight in the area was very high in 2004. In their study on the outbreak of Rhizoctonia aerial blight of soybean in Kagawa Pref., Japan, Tsuzaki et al. (1995) also mentioned the crop rotation of soybeans with rice, and presumed that sclerotia remaining in soil after the rice sheath blight would be the primary source of inoculum for soybean disease. However, a study in the United States suggested a divergence between the soybean-and riceinfecting populations of AG-1 IA (Bernardes de Assis et al. 2008 ). Thus, more extensive studies using molecular markers (Arakawa & Inagaki 2014) may be needed to elucidate the exact dynamics or interaction between the soybean-and rice-infecting populations in Japan.
An investigation of environmental factors that affect the incidence and severity of disease will also be important. In the case of Hiroshima in 2004, frequent rainfall and typhoons may have promoted the disease. In that year, rainfall in the area in August exceeded 170% of the amount in normal years, while temperature was higher and the duration of sunshine lower. The meteorological conditions probably favored development of the disease. In addition, exceptionally frequent attacks by typhoons in 2004 (targeting Hiroshima four times) might have been another factor behind the outbreak, dispersing such inoculum as mycelia and infected leaves.
In this study, the causal pathogen of Rhizoctonia aerial blight in Hiroshima was AG-1 IA. In other studies, however, AG-1 IB and AG-2-3 were also identified as causing similar diseases (Yang et al. 1990 , Naito & Kanematsu 1994 . Further study is needed to investigate the distribution of those strains in Japan. In addition, the possible involvement of the perfect stage (basidiospores) of the pathogen (Naito et al. 1995) , which was not found in this study, may also be of interest.
